We calculated the neutralization of circulating beam in this report. In the calculation we assumed that dl electrons liberated from the background molecules due to the collisional processes are trapped in the potential well of the proton beam. Including the dependence of ionization cross sections on the kinetic energy of the incident particle, we derived the empirical formula for beam neutralization as a function of time and baseline vacuum pressure, which is applicable to the one acceleration cycle of the IPNS-Upgrade RCS.
Introduction
When the proton beam is circulating in the ring, the residual gas in the vacuum chamber is ionized due to the collisional process. The electrons liberated from the molecules then can be trapped in the potential well provided by the proton beam. An effect of the neutralization [l] by the trapped electrons is to reduce the space-charge tune shift, which is often desirable in operating the synchrotron. The other effects will include the coupled oscillation of electrons and protons through the potential well. In the analysis of these effects, the neutralization of the beam needs to be determined, which is the subject of this report.
Ionization
The collisions between charged particles and atoms result partly in excitation, partly in ionization of the atoms. If the impact parameter, the distance of closest approach, is large compared with the dimension of the atom, the atom reacts as a whole mainly resulting in the excitation of the atom. If the momentum transfer to the atomic electron by the passing particle is larger than the ionization of energy of atom, such an electron will be ejected from the atom leaving the atom ionized. This collisional process is often called distant collision. In general, the kinetic energy of a freed electron is small compared with the incident particle.
If the distance of closest approach is of the order of the atomic dimension, the interaction is mainly between the incident particle and one of the atomic electrons. As long as the interaction time is short compared with any atomic time associated with orbital motion of an atomic electron, the atomic electron can be treated as a free electron. As a consequence of the interaction, the electron is ejected from the atom with considerable energy. We may call this process close collision. Both of the processes described above can result in the ionization of an atom. The theory of primary ionization, which is defined as the average number of coK4ons per cm of path that result in the ejection of an electron from an atom, was developed by Bethe. The result in terms of cross section is expressed by the equation [2] : 2 u = 2ar,mec2z2--where a = cross section for the primary ionization (cm2), re = e2/mc2 (classical electron radius), me = electron rest mass, c = velocity of light, p = ratio of incident particle velocity to the velocity of light, z= incident particle charge, Z= atomic number of the gas, Io=ionization potential of the gas, and a , b = dimensionless constants dependent upon the electronic structure of the atom. For the particular 1 case of atomic hydrogen (10 = 13.5 eV, 2 = 1)) Bethe has calculated the values of the constants in this equation to be: a = 0.285, b = 3.04.
The ionization cross sections of gaseous molecules were measured. In the experimental study [3] , the following formula is used where 4T (&) 2 = 1.874 10-24-m2,
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M 2 and C are characteristics of the gaseous molecules. The quantity M 2 is measured in units of ai = (h2/mee2)2, the Bohr radius squared. These two constants are listed in Table 1 together with the atomic number of the gas, 2. Since ionization cross section is a function of incident particle's velocity, we investigate the variation of cross section against injection energy of beams. The result is shown in Fig. 1 and Fig. 2 with the energy range appropriate for the IPNS-Upgrade RCS acceleration cycle. The cross section at the ejection energy (T=2.2 GeV) is smaller by 25% than the one at the injection energy (T=400 MeV).
The ionization rate is defined as where dm is the molecular density, which in turn is related to the partial pressure by
Assuming the vacuum chamber is at the room temperature, and using Nz pressure as the base pressure, the neutralization of beam during the acceleration cycle is shown in Fig. 3 . From which we derive an empirical formula: 17 = 0.842 P(nTorr) t(sec).
(5)
In deriving the above formula, we assumed that the ionization rate is equal to the neutralization, which is a good approximation if the circulating beam is unbunched (coasting beam). If the beam is bunched, the local electrons experience the periodic forces in time as the proton bunches pass by. The proton bunches act as an alternating gradient (AG) focusing force on the electrons. Thus the effective neutralization rate is in general significantly less than the ionization rate, or even zero. The estimate of the effective neutralization is the subject of the next report.
Conclusion
In this report, we estimated the beam neutralization in the IPNS-Upgrade RCS. The final result was expressed as €unctions of the vacuum pressure and time, which is valid for the envisioned RCS operational cycle. However, AG focusing effects of the circulating bunch are not included in the estimation. The results including such effects will be reported separately. 
